Tissue engineering of intervertebral discs (IVD) using mesenchymal stem cells (MSCs) induced to differentiate into a disc-cell phenotype has been considered as an alternative treatment for disc degeneration. However, since there is no unique marker characteristic of discs and since hyaline cartilage and immature nucleus pulposus (NP) possess similar macromolecules in their extracellular matrix, it is currently difficult to recognize MSC conversion to a disc cell. This study was performed to compare the proteoglycan to collagen ratio (measured as GAG to hydroxyproline ratio) in the NP of normal disc to that of the hyaline cartilage of the endplate within the same group of individuals and test the hypothesis that this ratio can be used for in vivo studies to distinguish between a normal NP and hyaline cartilage phenotype. Whole human lumbar spine specimens from fresh cadavers, ranging in age from 12 weeks to 79 years, were used to harvest the IVDs and adjacent endplates. The GAG to hydroxyproline ratio within the NP of young adults is approximately 27:1, whereas the ratio within the hyaline cartilage endplate of the same aged individuals is about 2:1. The production of an extracellular matrix with a high proteoglycan to collagen ratio can be used in vivo to distinguish NP cells from chondrocytes, and could help in identifying a NP-like phenotype in vivo as opposed to a chondrocyte when MSCs are induced to differentiate for tissue engineering of a disc.
Introduction
Diseases of the spine that afflict the elderly population involve defects in intervertebral disc (IVD) (Seitsalo et al., 1997; Cinotti et al., 2002) . Low back pain is a leading cause of morbidity and it is estimated that about 70% of the population will experience low back pain in their lives (Macfarlane et al., 1999) . Although the aetiology of low back pain is often unclear, it is believed that disc degeneration plays a major role (Salminen et al., 1999) . While the majority of those affected will not require prolonged medical care or absence from work, about one third will require extensive care involving hospitalization. Present management of disc pathology has been focused on relieving the symptoms caused by degeneration, and much less study has been devoted to disc regeneration.
The surgical treatment of idiopathic low back pain associated with lumbar degenerative disc disease includes disc excision and vertebral fusion (Nakano and Tomita, 1980; Snider et al., 1999) . Although surgical procedures produce a good short-term clinical result in relief of pain, they alter the biomechanics of the spine, leading to further degeneration of surrounding tissue and discs at adjacent levels (Lee, 1988) . Thus, alternative treatments are needed. One possibility is the use of tissue engineering techniques to repair or replace the degenerated disc tissue, using autologous mesenchymal stem cells (MSCs) (Caplan, 1991) induced to differentiate into a disc-cell phenotype. However, since there is no unique marker for disc tissue, and because hyaline cartilage and immature nucleus pulposus (NP) possess similar macromolecules in their extracellular matrix (Poiraudeau et al., 1999; Sive et al., 2002) , it is currently difficult to recognize MSC cell conversion to a disc cell.
Intervertebral discs are composite structures with a peripheral collagen-rich annulus fibrosus (AF) surrounding the proteoglycan-rich central NP (Antoniou et al., 1996b; Hayes et al., 2001) . As with articular cartilage, the discs are thought to resist compressive forces by their high content of the proteoglycan aggrecan in the NP (Hutton et al., 2000) . In addition, both tissues also contain proteoglycans that have the ability to interact specifically with collagen molecules (Adams et al., 1977; Hayes et al., 2001; Sztrolovics et al., 2002) . Intervertebral discs have been reported to differ from articular cartilage in that they contain a significantly higher proportion of the proteoglycan versican (Sztrolovics et al., 2002) . With aging, IVD proteoglycans undergo marked changes in their metabolism and composition (Adams and Muir, 1976; Olczyk, 1994) , leading to reduction in aggrecan content due to decreased (Adams et al., 1977; Nerlich et al., 1998) . Type II collagen, which is characteristic of hyaline cartilages, is most abundant in the NP (Eyre and Muir, 1976) .
DISTINCTION BETWEEN THE EXTRACELLULAR MATRIX OF THE NUCLEUS PULPOSUS AND HYALINE CARTILAGE: A REQUISITE FOR TISSUE ENGINEERING OF INTERVERTEBRAL DISC
In this study, we compare the proteoglycan to collagen ratio in the NP of normal disc to that of the hyaline cartilage of the endplate within the same group of individuals and show that this ratio can be used to distinguish in vivo between a normal NP and hyaline cartilage phenotype. This information is important for ensuring that any NP generated by tissue engineering techniques has appropriate properties for disc function.
Materials and Methods

Tissue
Twenty-five whole human lumbar spine specimens were removed from fresh cadavers, ranging in age from 2 to 79 years, and 69 IVDs and adjacent endplates were harvested. Patient details and Thomson grades were summarized previously (Antoniou et al., 1996a; Antoniou et al., 1996b) . The discs were separated into the AF and NP zones, as previously described (Antoniou et al., 1996b) , and 15 mg of tissue from each region was used for analysis.
Glycosaminoglycans content
The tissue was solubilized by digestion with proteinase K in 1 ml buffer (Antoniou et al., 1996b) . The resulting digests were used for analysis of the total proteoglycan content as a measure of sulfated glycosaminoglycans (GAG). To measure sulfated GAGs derived predominantly from the proteoglycan aggrecan, 10 µl samples of the tissue digests were analyzed using the 1,9 dimethylmethylene blue (DMMB) dye-binding assay (Farndale et al., 1986) .
Hydroxyproline content
The proteinase K tissue digests were used for analysis of hydroxyproline as a measure of total collagen content. For analysis, digests were first hydrolysed in 6 M HCl to release free hydroxyproline which was then quantitated using dimethylaminobenzaldehyde (Burleigh et al., 1974) . Total collagen content was estimated assuming that hydroxyproline content is equivalent to 10% of the weight of each collagen α chain (Nimni, 1983) .
Statistical analysis
All values were recorded in a spreadsheet program according to age group, grade of degeneration, and disc region. The GAG/hydroxyproline ratio was determined by dividing GAG (µg/mg dry weight) by hydroxyproline (µg/mg dry weight). The significance of location and degeneration on GAG/hydroxyproline ratio was determined with ANOVA analysis. Significant results were further analyzed using the unpaired Student's t-test. Results were considered significant with P<0.05.
Results
GAG to hydroxyproline ratio within the NP and hyaline cartilage of the endplate
In healthy juvenile donors from 2-5 years old, the GAG to hydroxyproline ratio in the NP was on average 25:1 (Fig.1) . Similarly, in young adult disc with no degeneration (15-25 years), the GAG to hydroxyproline ratio within Figure 1 . Analysis of GAG to hydroxyproline ratio within the nucleus pulposus related to age. The GAG/ hydroxyproline ratio was determined by dividing GAG (µg/mg tissue) by hydroxyproline (µg/mg tissue). Mean + standard deviation of 8 (2-5 years), 14 (15-25 years), and 17 (40-60 and 60-80 years) samples are shown. *P < 0.0005 and **P < 0.005. Horizontal bars are the mean GAG/hydroxyproline ratio of the different grades in an age group.
Figure 2.
Analysis of GAG to hydroxyproline ratio within hyaline cartilage related to age. The GAG/ hydroxyproline ratio was determined by dividing GAG (µg/mg tissue) by hydroxyproline (µg/mg tissue). Mean + standard deviation of 8 (2-5 years), 14 (15-25 years), and 17 (40-60 and 60-80 years) samples are shown. *P < 0.01 and **P < 0.05. Horizontal bars are the mean GAG/hydroxyproline ratio of the different grades in an age group. the NP is approximately 27:1. With increasing age there was a marked drop in the GAG to hydroxyproline ratio, which declined to about 5:1 in the elderly (60-80 years).
In comparison, the GAG to hydroxyproline ratio within the hyaline cartilage endplate of the same group of young adults (15-25 years) was about 2:1 (Fig. 2) . Depending on age, the GAG to hydroxyproline ratio in the hyaline cartilage varied between 3:1 and 2:1.
GAG to hydroxyproline within the NP and cartilage endplate of degenerate discs
Since aging of the disc is associated with increased degeneration, the GAG to hydroxyproline ratio of the NP (Fig. 3) and endplate (Fig. 4) were also correlated with this parameter. The ratio of the GAG to hydroxyproline in the NP of degenerated discs correlated to gross morphologic Thompson grade was markedly reduced with increasing grade. The GAG to hydroxyproline ratio was highest in patients with grade 2 discs (~ 23:1) and was lowest in those with grade 4 discs (~5:1). Figure 3 . Analysis of GAG to hydroxyproline ratio in the nucleus pulposus related to morphological grade of disc degeneration. The GAG/hydroxyproline ratio was determined by dividing GAG (µg/mg dry weight) by hydroxyproline (µg/mg tissue). Mean + standard deviation of 21 (grade 2), 24 (grade 3), and 9 (grade 4) samples are shown. *P < 0.0001, **P < 0.001, and ***P< 0.05. Horizontal bars are the mean GAG/hydroxyproline ratio of the different ages in a grade group. . Analysis of GAG to hydroxyproline ratio in the annulus fibrosus related to morphological grade of disc degeneration. The GAG/hydroxyproline ratio was determined by dividing GAG (µg/mg tissue) by hydroxyproline (µg/mg tissue). Mean + standard deviation of 21 (grade 2), 24 (grade 3), and 9 (grade 4) samples are shown. *P < 0.005 and **P < 0.05. Horizontal bars are the mean GAG/hydroxyproline ratio of the different ages in a grade group.
The ratios of the GAG to hydroxyproline in the endplate of degenerated discs were correlated to gross morphologic Thompson grade. Independent of grade, the ratio was consistently lower in the endplate (Fig. 4) than in the NP (Fig. 3) (P < 0.0001). Further, in contrast to the NP, the ratio in the endplate changed only slightly with grade. The lowest ratios were observed in grade 3 discs.
GAG to hydroxyproline ratio within the AF
The GAG to hydroxyproline ratio was also examined in the AF of the same donors, where it was in all individuals on average 1.6:1 (Fig. 5) . Independent of age, the ratio was consistently lower in the AF (Fig. 5 ) than in the NP (Fig. 1) (P < 0.0001). Further, in contrast to the NP, the ratio in the AF varied little with age with the highest ratios observed in the young adult disc (15-25 years).
The ratios of the GAG to hydroxyproline in the annulus of degenerated discs were correlated to gross morphologic Thompson grade. Independent of grade, the ratio was consistently lower in the annulus (Fig. 6 ) than in the NP (Fig. 3) (P < 0.0001).
Discussion
The NP has often been considered as just another cartilaginous tissue. This is because hyaline cartilage and healthy NP possess similar macromolecules in their extracellular matrix (Adams et al., 1977; Hayes et al., 2001; Sztrolovics et al., 2002) , although some differences in the structure of proteoglycans in cartilage and the NP tissues have been observed (Buckwalter et al., 1989) .
In this work, GAG and hydroxyproline assays were used to assess the ratio of GAG to hydroxyproline as a means of distinguishing between the disc and cartilage phenotypes. Our findings reveal that in a normal young adult disc (15-25 years old) the GAG to hydroxyproline ratio within the NP is approximately 27:1. However, the GAG to hydroxyproline ratio within the hyaline cartilage of the endplate of the same group is about 2:1. This raised the question of whether this difference is unique to the endplate or common to all hyaline cartilages. Recent evidence was presented indicating that human nasal septal cartilage from young (33.7±3.9 years), middle-aged (50.2±5.4 years) and aged (73.5±5.8 years) adults had GAG/hydroxyproline ratios of 3.5, 3.3 and 2.5, respectively (Homicz et al., 2003) . Similarly, others have found that in subjects aged 14 to 45 years the GAG/ hydroxyproline ratio in talar ankle cartilage, distal femur knee cartilage, and tibial plateau knee cartilage is 1.8, 1.3 and 1.3, respectively (Treppo et al., 2000) . Thus, while the precise GAG/hydroxyproline ratio may vary between cartilage sites, it is always below 5 for all hyaline cartilages, and thus always distinct from the values in the NP. These ratios, therefore, act as a useful distinction between the normal NP phenotype and that of hyaline cartilage. In older adults this tissue difference is not so apparent, as the GAG to hydroxyproline ratio progressively decreased with increasing age in the NP due to disc degeneration. However, for tissue engineering purposes one wishes to mimic the properties of the healthy adult disc and not those of the degenerate disc.
The production of a high GAG to hydroxyproline (proteoglycan to collagen) ratio may provide one means of identifying in vivo a NP-like phenotype when stem cells are induced to differentiate into a NP cell as opposed to a chondrocyte or AF cell, for tissue engineering of IVD. Ideally, the GAG content should reflect aggrecan and the hydroxyproline content should reflect type II collagen, as these molecules are pivotal in the ability of the tissue to resist compression. However, aggrecan and type II collagen are unlikely to be sufficient alone. Other proteoglycans such as decorin, biglycan, fibromodulin, lumican and versican, as well as other collagen types and noncollagenous proteins will probably be needed, both to maintain the integrity of the matrix and to ensure the continued ability of the cells to produce an appropriate matrix composition. Although these other molecules are present in relatively low concentrations in the disc, they may be important for tissue engineering purposes if they influence the distinctive functional properties of the NP. Future studies will be needed to address their significance.
A high ratio of GAG:hydroxyproline is a reflection of proteoglycan to collagen content, though the two ratios are not numerically equivalent. GAG may reflect the bulk of proteoglycans (particularly if it is mainly aggrecan), whereas hydroxyproline reflects a low fraction of the total collagen. For example, if one accepts that hydroxyproline content is equivalent to 10% of the weight of each collagen alpha chain (Nimni, 1983) , then for a ratio above 10, there is more proteoglycan than total collagen, whereas for a ratio below 10, there is more total collagen than proteoglycan. Thus the present results indicate that juvenile and normal adult NP always contain more proteoglycan than collagen, whereas the reverse is true for all hyaline cartilages. In the more degenerate disc, this excess of proteoglycan over collagen is no longer apparent. Other studies have also shown that the GAG:collagen ratio significantly decreases in the NP of prolapsed discs (Olczyk, 1994) .
The high proteoglycan to collagen ratio helps explain why the young NP has a gelatinous consistency rather than the firm texture of a hyaline cartilage, as low collagen concentrations are more compatible with a fluid rather than a solid consistency. While both cartilages and NP are designed to resist compression they are not interchangeable in function. The NP of the IVD is designed to operate within the confines of the AF and the vertebral endplates which maintain its boundaries, whereas articular cartilage is designed to operate in isolation and must maintain its own shape. The increase in collagen content is essential for maintenance of cartilage shape, but is not required or desired in the NP. Certainly it is not desirable to generate a NP with a low proteoglycan to collagen ratio that is either firm as hyaline cartilage or fibrous as the AF, as the gelatinous texture of the young NP is ideal for transmitting load in three dimensions when confined by surrounding tissue. Attaining this gelatinous texture and hence producing a high GAG to hydroxyproline ratio in vivo should be the goal when trying to repair or generate a NPlike tissue.
Composition of Intervertebral Disc
The production of an extracellular matrix with a high GAG to hydroxyproline ratio can be used to distinguish an appropriate NP generated by tissue engineering techniques from other cartilaginous phenotypes that may be inappropriate for function in the disc, even though all these tissues are capable of resisting compression in their normal physiological role. It is tempting to speculate that it may not matter if one generates authentic disc cells as long as they generate an appropriate extracellular matrix. However, it is important to note that the intervertebral disc is the largest avascular tissue in the body and supports a very low number of cells per unit volume (Urban and Roberts, 2003) , that must be adapted to the low oxygen tension (Bartels et al., 1998; Ishihara and Urban, 1999) , low glucose concentrations (Maroudas et al., 1975) , low pH (Ohshima and Urban, 1992) , and other conditions that are not conducive to high levels of protein synthesis required during tissue repair or regeneration. It is possible that an authentic disc cell might be the only cell capable of generating such a matrix under these adverse conditions.
The source of cells for disc tissue engineering is not immediately apparent, as there is no benign site for harvesting authentic autologous disc cells. It is also preferable to avoid the use of allogeneic donor disc cells. While the avascular nature of the disc may make the NP an immunologically privileged site and therefore make the use of allogeneic cells a tempting proposition, the risk of transferring infectious agents remains real. Thus there is a need to generate disc cells from another autologous source. One possibility is the use of MSCs. If stem cells are to be differentiated into a disc cell phenotype, it will be essential to verify that the ultimate matrix that they produce in vivo has an appropriate proteoglycan to collagen ratio. While this ratio may not help in determining whether appropriate differentiation has occurred, it will be a marker for the correct consistency to the tissue that they produce. marked changes in their abundance and structure with age. The most marked changes occur in aggrecan-related proteoglycans whose size decreases and whose keratan sulphate content increases reflecting variation in both synthesis and degradation. The aggrecan degradation products accumulate in the disc extracellular matrix and result in a high tissue content of large non-aggregating proteoglycans. The disc contains numerous collagen types whose relative abundance varies with age. In addition, agerelated glycation of the collagen molecules can result in increased concentrations of pyridinoline and pentosidine cross-links. At present it is unclear whether the age-related changes are beneficial or detrimental to disc function. Certainly, any tissue engineered disc would like to mimic the matrix structure that is optimal for disc function.
I. Stokes:
The challenge posed by the authors is to identify a cell phenotype that can synthesize a matrix having an appropriate composition, and then, after implantation, maintain that composition (homeostasis). This practical problem therefore includes two quite differing challenges.
The present work identifies the correct (or desirable) composition requirement, but it is not clear how that composition would be maintained in vivo by the same cell types. Notably, the intervertebral disc, being avascular, supports a very low number of cells per unit volume, and these cells must be adapted to the low oxygen and glucose concentrations, low pH, and other conditions that are not conducive to high levels of protein synthesis required during the tissue engineering phase. They state in the Discussion that 'it may not matter if one generates authentic disc cells. Given the multiple requirements to synthesize and then maintain tissue phenotype in the specific avascular environment of the disc, is it likely that anything but 'authentic' cells would be able to perform satisfactorily? Authors: We agree with the reviewer. It is tempting to speculate that it may not matter if one generates authentic disc cells as long as they generate an appropriate extracellular matrix. However, it is possible that an authentic disc cell might be the only cell capable of generating such a matrix under these adverse conditions.
